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We describe the design, construction, and performance of an ultra-low temperature, high-field
scanning tunneling microscope (STM) with two independent tips. The STM is mounted on a
dilution refrigerator and operates at a base temperature of 30 mK with magnetic fields of up to
13.5 T. We focus on the design of the two-tip STM head, as well as the sample transfer mechanism,
which allows in situ transfer from an ultra high vacuum (UHV) preparation chamber while the
STM is at 1.5 K. Other design details such as the vibration isolation and rf-filtered wiring are also
described. Their effectiveness is demonstrated via spectral current noise characteristics and the
root mean square roughness of atomic resolution images. The high-field capability is shown by the
magnetic field dependence of the superconducting gap of CuxBi2Se3. Finally, we present images and
spectroscopy taken with superconducting Nb tips with the refrigerator at 35 mK that indicate that
the effective temperature of our tips/sample is approximately 184 mK, corresponding to an energy
resolution of 16 µeV.
I. INTRODUCTION
Since the invention of the scanning tunneling micro-
scope (STM) [1], numerous systems have been built that
operate at cryogenic temperatures [2–9]. Cryogenic tem-
paratures not only provide the potential for achieving
finer energy resolution, but also open up the possibility
of exploring otherwise inaccessible phenomena such as su-
perconductivity and a wide range of solid state quantum
effects. In the 1990’s a variety of 4 K STMs [5, 10–13]
were developed and used to perform pioneering studies at
the atomic scale. Since then, several groups have success-
fully implemented STM’s on 3He refrigerators [6, 7, 14–
17] and dilution refrigerators [7–9, 18–22]. A few groups
have also built and tested dual-probe STMs, one of which
operates at 4.2 K [23–25]. Multi-probe STMs that oper-
ate in UHV conditions, with cryogenic capabilities in the
4K–10K range, are also commercially available [26–29].
Despite these advances, there are still relatively few in-
struments that operate reliably at sub-Kelvin tempera-
tures. This is due to the inherent difficulties in construct-
ing a system that operates at ultra-low temperatures, in
ultra-high vacuum, with the mechanical stability neces-
sary for STM measurements.
In this article, we describe the design, construction,
and operation of a millikelvin STM system with a mag-
netic field and UHV sample preparation capabilities. Our
microscope possesses two scanning systems that allow us
to independently acquire topographic images of a sample
at mK temperatures. In the absence of a tip-exchange
mechanism, an STM with two independent scanning sys-
tems provides a relatively simple way to study different
∗ Current address: Woodrow Wilson School of Public and Inter-
national Affairs, Princeton University
regions of the same sample simultaneously or in quick
succession. The instrument was also designed to ulti-
mately allow two superconducting tips to be connected
via a flexible superconducting wire forming a SQUID loop
with a superconducting sample. In such a modified in-
strument, one STM tip could provide a reference point
against which the gauge invariant phase difference could
be mapped out on the sample surface [30].
II. SYSTEM DESIGN
Designing an STM that can operate at millikelvin tem-
peratures involves satisfying several stringent require-
ments. First, the STM tip and sample need to be cooled
to mK temperatures. Second, the sample must be kept in
vacuum at a pressure of 10−11 Torr or better to prevent
contamination of the surface. Third, the system must be
kept as vibrationally isolated as possible—ideally with
the tip-to-sample distance stable to better than 5 pm in
order to resolve atomic scale features in topographic im-
ages and fine scale structure in spectroscopy. For the
same reason, we require voltage resolution of 10 µV or
better, and current resolution as fine as 1 pA. In addition
to the above requirements, there are other features that
are desirable, such as the ability to prepare and transfer
samples in UHV.
Figure 1 shows an overview of our system. A UHV
sample preparation and transfer system sits on an op-
tical table directly above a 3He-4He dilution refrigerator
that has the STM assembly mounted to the mixing cham-
ber. A vertical sample transfer rod runs along the central
axis of the refrigerator to enable top loading of samples
from the UHV system into the microscope. The dilution
refrigerator is an Oxford Instruments Kelvinox with a
cooling power of 400 µW at 100 mK and a no-load base
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FIG. 1. (Color Online) Overview of dual tip mK STM system. The dewar and radiation shields that surround the dilution
refrigerator are not shown.
temperature of 6-7 mK. The operating base temperature
for our STM however is 30-35 mK due to a thermal heat-
leak of about 30 µW from the system wiring. Radiation
shields clamped to the mixing chamber and the still (0.7
K) prevent black-body radiation from higher stages from
reaching the STM and a custom made super-insulated
liquid-helium cryostat [31] provides a 4 K bath. This
dewar is interchangeable with a custom made 13.5 Tesla
superconducting magnet dewar with a LHe capacity of
140 liters [32]. The magnet is a high field (vertical bore)
solenoid system, with a rated field of 13.8 kG, and a rated
current of 99.8 A. The entire setup sits inside a copper
and steel walled rf shielded room with a nominal rf at-
tenuation of 100 dB or greater from 1 kHz to 10 GHz.
The UHV Sample Preparation Chamber
The UHV subsystem consists of a preparation cham-
ber and a transfer chamber that are separated by a gate
valve (see Fig. 1). Each chamber has its own ion get-
ter [33], titanium sublimation pumps [34], and ion gauge
[35]. The system is roughed out using a detachable turbo
pump [36] backed by an oil-free scroll pump [37] and can
be baked to 150◦C using heater tape. A load lock allows
the introduction of samples into the preparation cham-
ber. Samples are mounted on sample studs that fit into
the STM and can be moved throughout the UHV system
on a transfer plate using a magnetic transfer rod.
The sample preparation chamber has a residual gas
analyzer [38], two electron beam evaporators [39], and
an argon ion sputter gun [40]. The sample stage in this
chamber is attached to an XYZ manipulator [41]. Sam-
ples may be heated up to 600◦C by a resistive heater or
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FIG. 2. (Color Online) (a) Overview of collapsible transfer
rod. (b-c) Locking mechanism in the (b) open and (c) closed
position. (1) Shell of magnetic transfer rod, (2) coupler, (3)
upper lock, (4) outer rod, (5) clamp with lower lock inside,
(6) inner rod, (7) guide piece, (8) sample grabber, (9) lock,
(10) outer shaft, (11) slot in outer shaft showing brass pin
mounted on inner rod.
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FIG. 3. (Color Online) Transfer rod clamping mechanism in
the (a) open and (b) closed position. (1) lock, (2) outer shaft,
(3) brass pin mounted on inner rod, (4) clamp arm, (5) spike
and (6) pulley system.
by a direct current heater [42]. The preparation chamber
also has a room temperature Pan-style STM that oper-
ates in UHV. This enables us to examine samples during
or after preparation and before we transfer them into the
mK STM.
Sample Transfer
As we noted above, a very desirable feature in a low-
temperature STM is the ability to exchange samples
without having to warm the system to room tempera-
ture. Our design allows for top loading of samples via
a 3 cm diameter access shaft in the dilution refrigerator.
This top-loading system uses a collapsible rod that fits
inside a 4’ long magnetic transfer rod [Fig. 2(a)]. The
collapsible rod has an outer tube made from a 0.5” di-
ameter thick-walled aluminum tube with a slot cut along
almost the entire length. Inside the slot there is a brass
pin that is attached to a thin-walled stainless steel tube.
The lower end of the inner tube is fitted with a sample ex-
change fork [42] for engaging the sample stud and a guide
piece. The brass pin can be locked in place at either end
of the outer tube. The locks have an L-shaped cut [Figs.
2(b) and (c)] and are operated by a short wobble stick
while the pin is held in place by a clamping mechanism.
Figure 3 shows the two spring-loaded clamp arms. The
springs force the clamping arms open while a pulley sys-
tem is used to close them. The clamps are operated by
a push/pull feedthrough hooked into a steel rope loop
running around the pulleys. Each arm has a short spike.
The spikes fit into counter bores on the brass pins in the
inner stainless steel tube. This arrangement allows the
inner rod to be held in place while the outer rod is moved
between the upper and lower latching positions, allowing
transfer from of the sample from the transfer chamber to
the mixing chamber.
Wiring and Filtering
The two main kinds of wires in our system are (1) sig-
nal wires for the two STM tips, sample, and capacitive
sensors, and (2) wires for the piezo drives and thermom-
etry [43].
To achieve good energy resolution, the signal wires
must be shielded and filtered to prevent heating and
smearing of non-linear electrical characteristics by broad-
band noise. The length of each wire (see Table 1) was
chosen to reduce heat leaks between stages. Since the
body of our STM is made from Macor, which is ther-
mally quite insulating, the wires from the STM are used
to carry away heat generated during coarse approach and
tunneling measurements. The wire insulation must work
with tunneling resistances that range up to 100 GΩ, and
must be able to withstand several hundreds of volts ap-
plied during field emission in order to clean the tip.
One potential source of noise in our system is micro-
phonic pickup on the signal wires for the tips. To reduce
this pickup we used semi-rigid coax for all signal wires
inside the vacuum space of the cryostat. This also pro-
vides good shielding against rf pickup and allows us to
use rf-tight connectors. To minimize thermal load, we
used CuNi microcoax (see Table 1). The coax is clamped
to 3.35 cm long Cu posts at the 600 mK still stage, and
7.5 cm long posts at the 100 mK stage. At the mixing
chamber, these lines are connected to bronze powder fil-
ters [43] by SSMC connectors. From the mixing chamber
filters to the STM, the lines are semi-rigid coax with Cu
4TABLE I. Wiring for dual-tip mK-STM
Temperature
range
Wire type and
Length [m]
Dimensions
O.D. [mm]
Resistance
[Ω/m]
Capacitance
[pF/m]
10 GHz Atten.
[dB/m]
Number
300 K – 10 K
10 K – MXC
CuNi coaxa
∼ 2 m
CuNi 0.08
PTFE 0.26
CuNi 0.40
wire 75
shield 5.2
96.2 61 12
300 K – 10 K
10 K – 1.4 K
Constantan
loomb
(twisted pairs)
∼ 3.5 m
Constantan
0.10
polyester 0.12
66 ∼50 ∼100 48
1.4 K – MXC
CuNi-clad
NbTi loomc
(twisted pairs)
∼ 1 m
NbTi 0.05
CuNi 0.08
polyester 0.10
52 ∼50 ∼100 48
MXC-STM Cu coax
d
∼ 0.7 m
Cu 0.29
PTFE 0.94
Cu 1.19
wire
0.26
96.1 3.7 48
aSC-040/50-CN-CN Coax Co., Lt., Kanagawa, Japan. bBrittania House, Cambridge, UK. cBrittania House, Cambridge, UK.
dMicrostock Inc., Westpoint, PA, USA.
shielding, and a Ag plated Cu inner conductor to allow
heat to be conducted away from the STM tip, sample,
and piezos.
Four woven wiring looms [44], each with 12 twisted
pairs of ≈ 100 µm diameter wire were used for the ther-
mometry and piezo wiring. From 300 K to 1.4 K, two
Constantan wiring looms were used as they provided a
low heat load and resistances that varied only slightly
with temperature. From 1.4 K to the mixing chamber,
we used two CuNi-clad NbTi looms that were supercon-
ducting below 9 K. These lines were connected to the
STM via semi-rigid coax as was done for the signal wires.
The looms are wrapped around copper heat sinks at each
stage on the refrigerator. To ensure adequate thermal an-
choring, 40 mm tall heat-sink posts were used at the 4
K, 1.4 K, and 0.7 K stages, and 75 mm tall posts were
used at the 100 mK shield stage and mixing chamber.
To prevent external rf interference from reaching the
STM, the signal wires are filtered with low pass pi-filters
on entry into the shielded room and at the cryostat. The
CuNi microcoax used for the signal wires also provides
some filtering. The cable length of 1 m from room tem-
perature to 4 K, and 1 m from 4 K to the mixing chamber,
provides a total attenuation of about 39 dB at 1 GHz and
120 dB at 10 GHz [45].
The bronze powder filters used on the signal lines were
made from 5.0 m of 50 µm Cu-clad NbTi wire, wound in
four sections around rods made from Stycast 2850 FT,
with alternating chirality to minimize magnetic coupling
between the filters. These were embedded in a bronze
powder/epoxy composite for increased thermal conduc-
tivity [46]. The filters were tested to about 500 V and
the attenuation scales approximately as
√
f with about
35 dB attenuation at 100 MHz [43].
Vibration Isolation
Vibration isolation is critical to the operation of an
STM because the tunnel current I depends exponentially
on the tip-sample spacing z, i.e. I = I0e
−z/z0 . Typi-
cally the current changes by an order of magnitude when
the spacing is changed by 0.1 nm which gives z0 = 0.23
nm. A small change δz in z leads to a change in current
δI = (I/zo)δz. Hence to stabilize a 1 nA current to 10
pA requires δz ≤ 2.3 pm. This illustrates the extreme
stability required for the tip/sample spacing.
We chose a Pan-style design [6] for the STM head
because it is resistant to vibrational noise. Vibration
isolation of the entire system is achieved by mounting
the refrigerator on an optical table with a pneumatically
damped air suspension system [47]. The nominal isola-
tion efficiency is 97% at 5 Hz and 99% at 10 Hz, with a
resonance frequency of 0.8–1.7 Hz for the vertical mode.
The horizontal mode has an isolation efficiency of up to
90% at 5 Hz and 95% at 10 Hz with a resonance frequency
of 1–2 Hz [48]. Another potential source of vibrations is
whistling in the 1 K pot, as liquid 4He is drawn in through
5the siphon. To eliminate whistling, the pot was custom-
made to a larger size, allowing data to be taken for 1.5
days between fillings.
To reduce vibrations from the rotary circulation
pumps, we place them on large rubber pads in an ad-
jacent room. The pipes from these pumps go through a
sand box and vertical and horizontal aluminum bellows
for additional vibration isolation. Pumping line connec-
tions to the top of the optical table present a critical
vibration isolation problem. We use bellows in a “side-
ways T design” [43] to minimize the transfer of pressure
variation from the pumping lines to the table. The T-
bellows box rests on a rubber pad and has 113 kg of Pb
added to it.
The Dual-Tip STM
The Macor STM body is bolted rigidly to the mixing
chamber plate of the dilution refrigerator via a Cu flange
and three L-shaped Cu bars. The lowest internal vibra-
tional modes of the mixing chamber plate are stiffened
with the help of additional braces [43]. The STM body
is enclosed in a Au-plated Cu can for electrical and heat
shielding. This electrical shield is surrounded by a 100
mK heat shield, which is in turn enclosed by the inner
vacuum can (IVC) and the LHe dewar.
Our dual-tip STM (see Fig. 4) is a modified version of
an STM design by Pan et al. [6]. The main difference is
that we have double the number of parts in order to allow
the independent operation of two STM tips. Key aspects
of Pan’s design are its emphasis on mechanical rigidity
and the use of materials that are matched as closely as
possible to minimize stress from thermal expansion. In
our case, this was achieved by making the main STM
body from a single 94 mm long Macor cylinder with an
outer diameter of 50.8 mm and an inner diameter of 35.6
mm.
Figures 4(b) and 4(c) show details of our STM design.
The sample stud (11) is loaded from the top, and the
two tips approach the sample from below. The “inner”
tip (1) is attached to the center or “inner” piezo tube
(4), and the “outer” (off-center) tip (2) to the “outer”
piezo tube (3). The tips are side-by-side, about 1 mm
apart while the piezo tubes are concentric and share a
common axis (see Fig. 4(b)). Each piezo tube is epoxied
onto a Macor scanner holder. The large outer scanner
(3) operates in a hole in a large sapphire prism (6). The
small scanner tube (4) is located above the corresponding
small sapphire prism (7) rather than within it.
The coarse approach mechanism is driven by six shear
piezo stacks for each tip (see Fig. 4(b)). Four large stacks
(5) are epoxied to the inside of the outer Macor STM
body (10) and two to a Macor piece (14) held in place by
a copper spring plate (13). Likewise, four small stacks
(8) are epoxied onto the smaller inner Macor body, and
two to a small Macor piece (15) held in place by a small
Cu-Be spring plate (16). With this arrangement, the
outer walker carries the weight of the inner walker. For
first approach, the tips are positioned with the inner tip
just behind the outer tip (out of tunneling range), and
we drive just the large piezo motor so that the outer tip
makes contact with the sample first. We then retract the
outer tip, and approach with the small piezo motor until
we detect tunneling with the inner tip.
We found that the standard design of four piezos per
stack [6] was not strong enough to reliably approach the
sample at mK temperatures. Accordingly we use six
piezos per stack. Testing of the six-piezo stacks at various
voltages through their whole range of motion revealed
that they walked about twice as fast as our four-piezo
setup. The small walker for the inner tip carries less
weight and four piezos per stack are sufficient. We note
that the tight space makes wiring the small stacks prob-
lematic, and the prototype developed shorts after a cou-
ple of years of use. Hence, our current design for the small
walker has replaceable piezo stacks epoxied onto copper
plates that are screwed onto the small Macor body.
III. OPERATION
Samples are mounted on copper, stainless steel, or
molybdenum sample studs that can be changed in situ. A
sample is either attached to the holder with silver epoxy
or held in place by an L-shaped clamping arm. We use
etched W and Nb wires as STM tips [49]. The tips cannot
be changed in situ—the microscope has to be warmed to
room temperature and the vacuum can vented in order
to replace a tip.
After STM tips are installed, the vacuum can is evac-
uated to ∼ 10−7 torr. We then fill the dewar with liquid
N2 and bleed
3He exchange gas into the inner vacuum
can (IVC). Overnight cooling brings the STM to 77 K.
The nitrogen is then siphoned out and slowly replaced
with liquid helium. After cooling to 4.2 K in about a
day, the exchange gas is then pumped out, the 1K pot
filled, and standard operation of the dilution refrigerator
begins. After reaching a base temperature of 30-35 mK,
we insert a sample of single crystal Au(111) or Au(100),
and clean each tip using high voltage field emission. Af-
ter cleaning, the I-V curve for each tip is examined to
ensure we have a stable, sharp and metallic tip. The gold
sample is then exchanged via the sample transfer system
for other samples of interest. Sample exchange takes 12-
15 hours, including about 3 hours spent pre-cooling the
rod at the top plate and about 3 hours pre-cooling at the
1 K stage.
One of the tip-scanner-walker subsystems of the mi-
croscope is controlled by an RHK Technology SPM 1000
Scanning Probe Microscope Control System. It has a
maximum piezo voltage of 220 V and runs in analog
feedback. This subsystem uses an IVP-300 RHK trans-
impedance amplifier with a conversion factor of 1 nA/V
to maintain the tunnel current. The other tip-scanner-
walker subsystem is controlled by a Thermomicroscopes
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FIG. 4. (Color Online) (a) Close-up photograph of STM tips, (b) inner and outer tip assemblies, (c) cross section view and
(d) photograph of the STM. The sample stud (11) is inserted from the top, and the tips approach it from below. The inner
tip assembly consists of the inner tip (1), attached to the small piezo scanner (4). The outer tip (2) is likewise attached to the
large piezo scanner (3). The coarse approach mechanism for the outer tip is formed by a sapphire prism (6) that is driven by
six large piezo stacks (5) and (14), four of which are epoxied to the outer MACOR body (10). The coarse approach mechanism
for the inner tip (9) rides on the outer coarse approach assembly and has a small sapphire prism (7) that is driven by six small
piezo stacks (8) and (15). To set the frictional force between the prisms and the piezo stacks, two piezo stacks for each stages
are held against the sapphire prisms by adjustable copper spring plates (13) and (16). The capacitance plates (12) keep track
of the relative position of each tip assembly.
SPM control system (now obsolete), with a digital feed-
back electronic control unit, and a maximum piezo volt-
age of 220 V. A variable gain DL Instrument Model 1211
current trans-impedance amplifier monitors the tunnel
current.
IV. PERFORMANCE
Figure 5 shows unfiltered atomic resolution images
taken with the inner and outer tips on a Bi2Se3 sam-
ple. The peak to valley atomic corrugation over the line
sections shown of the outer and inner tips are ∼18 pm
and ∼8 pm respectively. To characterize the noise, we
Fourier transformed these images, filtered out the atomic
lattice, and then analyzed the inverse Fourier transform.
The rms roughness of the resulting background noise for
the outer and inner tip images were 3.55± 0.03 pm and
1.75± 0.01 pm, respectively. The noise level for each tip
is thus well below the signal for atomic scale features.
We note that these measurements were taken with the
1K pot running. We calibrated the scanners in the x, y,
and z directions from these images and images of mono-
atomic steps on Au(100).
Low frequency noise is often the limiting factor in the
data obtained by an STM. Figures 6 and 7 show the spec-
tral noise density of the inner and outer tips of our STM
while the tip is retracted, in tunneling range, and scan-
ning. The data was taken in typical operating conditions
at 30 mK with the 1K pot running. In each case, the elec-
tronic noise floor—measured with the tip retracted—is
between 10−16 and 10−15 A/
√
Hz. When the tip is en-
gaged, the mechanical noise results in the background
level being raised to between 10−14 and 10−13 A/
√
Hz at
low frequencies. Although 60 Hz peaks and higher har-
monics are noticeable with both tips, we note that worst
the peak signal is ≈ 1 pA for the inner tip, and ≈ 100 pA
for the outer tip. The low current noise characteristics
indicate that the instrument will yield a good signal to
noise ratio for both topographic and spectroscopic data.
The magnet dewar was tested on the system, using a
standard single tip Pan-style STM, a Tungsten tip, and
a CuxBi2Se3 superconducting sample. Fig. 8 demon-
strates the performance of the magnet via a series of
spectroscopy curves measured at different field strengths.
The superconducting gap and coherence peaks were pre-
dictably diminished with increasing magnetic field.
To obtain the effective temperature and energy reso-
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FIG. 5. (Color Online) Unfiltered atomic resolution images of
Bi2Se3 taken using Nb tips at 35 mK with (a) outer tip and (b)
inner tip. Top: Topographic images. Bottom: Graphs of tip
height z vs. distance scanned d, showing atomic corrugation
with peak to valley heights of ∼18 pm for the outer tip (a)
and ∼8 pm for the inner tip (b).
lution of our instrument, conductance (dI/dV ) measure-
ments were performed between a superconducting tip and
a normal sample. The effective temperature can be ex-
tracted by fitting the data to a theory that describes
quasiparticle tunneling in an SIN tunnel junction [50].
Figure 9 shows dI/dV measurements using a Nb inner
tip and a Bi2Se3 sample at 35 mK. The measurements
were taken by modulating the junction voltage with a
small sinusoidal ac voltage and detecting the correspond-
ing response signal with a lock-in technique. Examining
the plot, we see that the gap is ∆ ≈ 0.7 meV, which is
about half that of bulk niobium due to finite-size effects.
Figure 10(a) shows similar dI/dV curves measured as
a function of temperature from 35 mK to 500 mK, and
Fig. 10(b) shows a closeup of the right conduction peak.
We note that although the difference between the 35 mK
curve and the 50 mK curve is negligible, there is a notice-
able difference between the 50 mK curve and the 100 mK
curve, as well as between subsequent curves. This sug-
gests that our sample was able to cool to temperatures
on the order of 100 mK.
In order to obtain an estimate for the effective tem-
perature of our instrument, we fit each curve in Fig. 10
to
dI
dV
= Gn
∫ ∞
−∞
g(E + eV )Ns,tip(E)dE, (1)
where Gn is the normal conductance, g(E + eV ) =
−∂f(E + eV )/∂E, f(E) is the Fermi function at energy
E, and Ns,tip(E) is the normalized local density of states
of the tip. For a superconducting tip with a BCS density
of states and a finite quasiparticle relaxation time Γ [51],
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FIG. 6. (Color Online) Spectral density of the inner tip tun-
neling current with the tip retracted (blue), engaged (green),
and scanning (pink) for the frequency ranges (a) 0–200 Hz
and (b) 0–800 Hz.
we have:
Ns,tip(E) = Re
[
|E − iΓ|√
(E − iΓ)2 −∆2
]
. (2)
Fitting our data using a weighted least-squares minimiza-
tion via the Levenberg-Marquardt [52, 53] algorithm, we
extract ∆, Γ, and the effective temperature Teff, which
enters through the Fermi function.
Figure 11 shows a plot of the effective temperature
Teff versus the temperature Tmix of the mixing chamber.
The solid curve in Fig. 11 shows that our data is well
explained by a simple model of votage noise [54]
Teff =
√
T 2mix + T
2
0 , (3)
where the fitting parameter T0 =
√
3e2V 2n /k
2
Bpi
2 is the
minimum effective sample temperature due to rms volt-
age noise Vn (see Appendix A). From the fit, we find
T0 = 184 ± 6 mk. This is equivalent to an energy res-
olution of ≈ 16 µeV. The good agreement between our
data and Eqs. (1) and (3) suggests that we are limited
by voltage noise and that additional cryogenic filtering on
the scanner and walker wires would reduce the effective
temperature.
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FIG. 7. (Color Online) Spectral density of the outer tip tun-
neling current with the tip retracted (blue), engaged (green),
and scanning (pink) for the frequency ranges (a) 0–200 Hz
and (b) 0–800 Hz.
V. CONCLUSION
We have presented the design and performance of an
STM with two independent tips that can operate at mil-
likelvin temperatures and in high magnetic fields. A con-
nected UHV sample preparation chamber and transfer
chamber enable in situ sample preparation and trans-
fer to the dilution refrigerator. We have analyzed sys-
tem performance by characterizing our noise levels and
z-stability of both STM tips in atomic resolution images.
At a mixing chamber temperature of 35 mK, we estimate
the effective temperature of our instrument to be ≈ 184
mK, corresponding to an energy resolution of ≈ 16 µeV,
indicating that phenomena corresponding to extremely
low energy scales may be probed using this instrument.
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FIG. 8. (Color Online) Plot of normalized conductance G/Gn
versus tip-to-sample voltage V for a Tungsten tip and copper-
intercalated Bi2Se3 sample at Tmix = 35 mK. The supercon-
ducting gap is noticeably reduced as the magnetic field is
increased to 1.8 Tesla.
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FIG. 9. (Color Online) Plot of normalized conductance G/Gn
versus tip-to-sample voltage V for a Nb tip and Au sample at
Tmix = 35 mK. Blue points are measured data and red curve
is fit to Eq. (1) with energy gap ∆ = 0.54 meV, temperature
Teff = 184 mK, and Γ ≈ 10−5 meV.
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FIG. 10. (Color Online) (a) Normalized Conductance G/Gn
versus tip voltage V measured from 35 mK to 500 mK for Nb
tip and Bi2Se3 sample. (b) Detailed view of right conductance
peaks near 0.6 mV reveals significant temperature dependence
to the peak curves.
Appendix A
Spectroscopy with a superconducting tip
The quasiparticle tunnel current between an STM tip
and sample [50] is given by
I(V ) =
4pie|M |2
h¯
∫ ∞
−∞
[ftip(E)− fsample(E + eV )]×
ρtip(E)ρsample(E + eV )dE,
(A1)
where |M | is the average value of the tunneling matrix
element assumed to be independent of energy, ftip and
fsample are the electron energy distribution functions in
the electrodes which reduce to the Fermi distribution in
thermal equilibrium, and ρtip and ρsample are the local
electronic density of states (LDOS) of the tip and sample
at the point of contact.
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FIG. 11. (Color Online) Plot of effective temperature Teff
vs. temperature T of the mixing chamber. Blue points were
extracted from fitting BCS theory to the data shown in Fig.
9. The red curve is Eq. (3) with Tmix = T and T0 = 184 mK.
The straight line shows Teff = T .
For a normal metal sample, we assume that the density
of states of the sample is constant, and can write
I =
Gn
eρtip,n(0)
∫ ∞
−∞
[f(E)− f(E + eV )] ρtip(E)dE,
(A2)
where ρtip,n(0) is the density of states of the tip at the
Fermi energy when the tip is in the normal state, and
Gn = 4pie
2|M |2ρsample(0)ρtip,n(0)/h¯ is the tunnel con-
ductance in the normal state. Taking a derivative with
respect to V , we obtain
dI
dV
=
−Gn
e
∫ ∞
−∞
∂
∂V
f(E + eV )
ρtip(E)
ρtip,n(0)
dE. (A3)
It is convenient to write g(E) = −f ′(E), in which case
g will be positive everywhere and may be considered a
probability distribution. For a superconducting tip this
yields
dI
dV
= Gn
∫ ∞
−∞
g(E′ + eV )Ns(E)dE, (A4)
where the normalized density of states of the tip Ns(E) =
ρtip(E)/ρtip,n(0) is given by [55]
Ns(E) = Re
[ |E|√
E2 −∆2
]
. (A5)
Dynes incorporated finite quasiparticle lifetime effects
into the density of states by including broadening of the
singularity at the gap edge [51]. Adding an imaginary
term iΓ to the energy, Eq. (A5) becomes
Ns(E) = Re
[
|E − iΓ|√
(E − iΓ)2 −∆2
]
(A6)
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The recombination rate Γ/h¯ is the rate at which a quasi-
particle near the energy gap edge scatters inelastically or
recombines into the superfluid condensate.
Voltage noise and effective temperature
Voltage noise fluctuations can be characterized by a
probability distribution function P (V ) that we assume
to be a Gaussian with zero mean and standard deviation
Vn. The experimentally observed conductance may then
be written as〈
dI
dV
(V )
〉
=
∫
P (V ′)
dI
dV
(V + V ′)dV ′
= Gn
∫
Ns(E)
∫
P (V ′)g(E + e(V + V ′))dV ′dE
= Gn
∫
Ns(E)(P ? g)(E + eV )dE.
(A7)
where we have used Eq. (A4) and used ? to represent the
convolution of P and g. Setting F = P ? g, we have〈
dI
dV
〉
∝
∫
Ns,tip(E)F (E)dE. (A8)
We note that F (E) is sharply peaked with standard de-
viation σF and determines the sharpness of features such
as the increase in conductance at the gap.
Because F is a convolution of P and g, which may both
be considered probability distributions with mean zero,
their variances add and we can write
σ2F = e
2σ2P + σ
2
g . (A9)
where the factor of e comes from the convolution in Eq.
(A7). For a Fermi distribution it can be shown that
σ2g =
∫∞
−∞E
2g(E)dE = k2BT
2pi2/3. Since Ns is also a
sharply peaked function, the total width of the measured
coherence peak, |σdI/dV |, should scale as
σdI/dV ∝ σ2g + e2σ2P + σ2Ns (A10)
where the standard deviation of the voltage noise is given
by σP = Vn and σNs = Γ is a measure of the width of ρ.
This yields
σdI/dV ∝
(
k2BT
2pi2
3
+ e2V 2n + Γ
2
)1/2
(A11)
From Eq. (A11), we see that the effect of voltage noise is
indistinguishable from that of excess temperature when it
comes to the broadening of I-V characteristics. Assum-
ing Γ2  e2V 2n , and setting k2BT 2effpi2/3 = k2BT 2pi2/3 +
e2V 2n , we can define the effective temperature of the in-
strument as [54]:
Teff =
√
T 2 +
3e2V 2n
k2Bpi
2
(A12)
[1] G. Binnig, H. Rohrer, C. Gerber, and E. Weibel, Phys.
Rev. Lett. 49, 57 (1982).
[2] S. A. Elrod, A. L. de Lozanne, and C. F. Quate, Appl.
Phys. Lett. 45, 1240 (1984).
[3] O. Marti, G. Binnig, H. Rohrer, and H. Salemink, Sur-
face Science 181, 230 (1987).
[4] A. P. Fein, J. R. Kirtley, and R. M. Feenstra, Rev. Sci.
Instr. 58, 1806 (1987).
[5] S. H. Tessmer, D. J. V. Harlingen, and J. W. Lyding,
Rev. Sci. Instr. 65, 2855 (1994).
[6] S. H. Pan, E. W. Hudson, and J. C. Davis, Rev. Sci.
Instr. 70, 1459 (1999).
[7] H. Suderow, M. Crespo, P. Martinez-Samper, J. Rodrigo,
G. Rubio-Bollinger, S. Vieira, N. Luchier, J. Brison, and
P. Canfield, Phys. C: Supercond. 369, 106 (2002).
[8] Y. J. Song, A. F. Otte, V. Shvarts, Z. Zhao, Y. Kuk, S. R.
Blankenship, A. Band, F. M. Hess, and J. A. Stroscio,
Rev. Sci. Instr. 81, 121101 (2010).
[9] M. Assig, M. Etzkorn, A. Enders, W. Stiepany, C. R.
Ast, and K. Kern, Rev. Sci. Instr. 84, 033903 (2013).
[10] J. W. G. Wilder, A. J. A. van Roy, H. van Kempen, and
C. J. P. M. Harmans, Rev. Sci. Instr. 65, 2849 (1994).
[11] G. Meyer, Rev. Sci. Instr. 67, 2960 (1996).
[12] C. Wittneven, R. Dombrowski, S. H. Pan, and
R. Wiesendanger, Rev. Sci. Instr. 68, 3806 (1997).
[13] J. H. Ferris, J. G. Kushmerick, J. A. Johnson, M. G.
Yoshikawa Youngquist, R. B. Kessinger, H. F. Kingsbury,
and P. S. Weiss, Rev. Sci. Instr. 69, 2691 (1998).
[14] M. Kugler, C. Renner, . Fischer, V. Mikheev, and
G. Batey, Rev. Sci. Instr. 71, 1475 (2000).
[15] A. J. Heinrich, C. P. Lutz, J. A. Gupta, and D. M. Eigler,
Science 298, 1381 (2002).
[16] J. Wiebe, A. Wachowiak, F. Meier, D. Haude, T. Foster,
M. Morgenstern, and R. Wiesendanger, Rev. Sci. Instr.
75, 4871 (2004).
[17] A. Kamlapure, G. Saraswat, S. C. Ganguli, V. Bagwe,
P. Raychaudhuri, and S. P. Pai, 84, 123905 (2013).
[18] P. Davidsson, H. Olin, M. Persson, and S. Pehrson, Ul-
tramicroscopy 4244, Part 2, 1470 (1992).
[19] N. Moussy, H. Courtois, and B. Pannetier, Rev. Sci.
Instr. 72, 128 (2001).
[20] M. D. Upward, J. W. Janssen, L. Gurevich, A. F. Mor-
purgo, and L. P. Kouwenhoven, Appl Phys A 72, S253
(2001).
[21] H. Kambara, T. Matsui, Y. Niimi, and H. Fukuyama,
Rev. Sci. Instr. 78, 073703 (2007).
[22] S. Misra, B. B. Zhou, I. K. Drozdov, J. Seo, L. Urban,
A. Gyenis, S. C. J. Kingsley, H. Jones, and A. Yazdani,
84, 103903 (2013).
[23] H. Grube, B. C. Harrison, J. Jia, and J. J. Boland, Rev.
11
Sci. Instr. 72, 4388 (2001).
[24] H. Okamoto and D. Chen, Rev. Sci. Instr. 72, 4398
(2001).
[25] W. Wu, A. Guha, S. Kim, and A. De Lozanne, IEEE
Transactions 5, 77 (2006).
[26] Multiprobe MXPS. Oxford Instruments, UK.
[27] attoSTM I. attocube, Mu¨nchen, Germany.
[28] Quadraprobe. RHK Technology, Troy, MI.
[29] Koala TetraProbe. mProbes, Ju¨lich, Germany.
[30] D. Sullivan, S. Dutta, M. Dreyer, M. Gubrud, A. Roy-
chowdhury, J. Anderson, C. Lobb, and F. Wellstood, J.
Appl. Phys. 113, 183905 (2013).
[31] Kadel Engineering, Danville IN.
[32] American Magnetics, Inc.
[33] Varian Model Starcell 75 and 300, respectively.
[34] Vacuum Generators Model ST2 and Varian Model 929-
022.
[35] VG Scienta Model VIG18/Arun Microelectronics Ltd.
PGC1.
[36] Varian TModel V551 Navigator/VT 1000HT.
[37] Varian Model TriScroll600.
[38] Extorr Model XT200.
[39] Omicron Model EFM3/EVC 100.
[40] Specs Model IQE 10.
[41] VG Scienta Model HPT.
[42] M. Dreyer, J. Lee, H. Wang, and B. Barker, Rev. Sci.
Instr. 81, 053703 (2010).
[43] M. A. Gubrud, Ph.D. Dissertation (2010).
[44] Brittania House, Cambridge, UK.
[45] Rami Ceramic Industries, Nazareth, Palestine.
[46] F. P. Milliken, J. R. Rozen, G. A. Keefe, and R. H. Koch,
Rev. Sci. Instr. 78, 024701 (2007).
[47] Technical Manufacturing Corporation.,TMC Model 71-
473-spl.
[48] TMC Model 71-473-SPL; Technical Manufacturing Cor-
poration, Peabody, MA.
[49] A. Roychowdhury, et al., “Plasma Etching of Supercon-
ducting Niobium Tips,” in preparation.
[50] J. Bardeen, Phys. Rev. Lett. 6, 57 (1961).
[51] R. C. Dynes, V. Narayanamurti, and J. P. Garno, Phys.
Rev. Lett. 41, 1509 (1978).
[52] K. Levenberg, Quart. Appl. Math. 2, 164168 (1944).
[53] D. W. Marquardt, J. Soc. Ind. Appl. Math 11, 431441
(1963).
[54] H. le Sueur and P. Joyez, Rev. Sci. Instr. 77, 123701
(2006).
[55] J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys.
Rev. 108, 1175 (1957).
